Absorption of Ion-Cyclotron Range of Frequencies (ICRF) waves at the fundamental resonance is an efficient source of plasma heating and fast ion generation in tokamaks and stellarators. This heating method is planned to be exploited as a fast ion source in the Wendelstein 7-X stellarator. The work presented here assesses the possibility of using the newly developed three-ion species scheme [Y.O. Kazakov et al., Nucl. Fusion 55, 032001 (2015)] in tokamak and stellarator plasmas, which could offer the capability of generating more energetic ions than the traditional minority heating scheme with moderate input power. Using the SCENIC code, it is found that fast ions in the MeV range of energy can be produced in JET-like plasmas. The RF-induced particle pinch is seen to strongly impact the fast ion pressure profile in particular. Our results show that in typical high-density W7-X plasmas, the three-ion species scheme generates more energetic ions than the more traditional minority heating scheme, which makes three-ion scenario promising for fast-ion confinement studies in W7-X.
Introduction
Sustaining fusion reactions in a magnetic confinement device requires maintaining the plasma temperature to several keV. In addition to the auxiliary plasma heating methods which are necessary to reach these temperatures, fusion-born α particles represent a substantial source of heating. The confinement of these particles for a duration comparable to their slowing down time is therefore of primary concern for the design of future fusion reactors. The quasi-isodynamic stellarator concept is seen as a suitable candidate for a future fusion reactor. One of the main objectives of Wendelstein 7-X (W7-X), the recently started stellarator of this kind, is to demonstrate the good confinement of energetic ions on time scales comparable to their slowing down time and therefore that a quasi-isodynamic stellarator fusion reactor will be able to benefit from the plasma heating source α particles represent. In W7-X, fusion-born α particles will not be produced, therefore auxiliary sources able to produce fast ions with energies between 50 to 100 keV are required. Indeed, ions in that range of energy would mimic the behaviour of α particles in a reactor-size quasi-isodynamic stellarator, as discussed in Ref. [1] , and the study of their confinement and effects on the plasma (such as the destabilisation of Alfvén modes that degrade the plasma performance) will help the design of such a reactor. As the main plasma heating source for W7-X is Electron Cyclotron Resonant Heating (efficient for bulk plasma heating but unable to generate fast ions directly), auxiliary sources of fast ions come as natural complements for the experimental success of this stellarator. Therefore we emphasise that in this paper we focus on the merits of ion heating sources from the point of view of their ability to create fast ion tails, as required for W7-X. Neutral Beam Injection (NBI) is one possible source of fast ions. A numerical assessment of the capacity of NBI to efficiently inject energetic ions in the plasma core of various W7-X equilibrium configurations was conducted in Ref. [1] and continued in Ref. [2] . This work led to the conclusions that the plasma density required for good central particle confinement prevents the beam to be deposited in the core plasma region. In addition, rapid losses of injected particles were observed in these simulations.
Ion-Cyclotron Range of Frequency (ICRF) waves is seen as an alternative because they have successfully been used for plasma heating and fast ion generation in tokamaks [3, 4] and stellarators [5, 6] . The most used ICRF scenario in fusion devices is known as the minority heating (MH) scheme [7] . Applied for example in typical Deuterium JET tokamak plasmas with moderately low Hydrogen concentration (∼5%) and RF power (∼ 3 MW), this scheme generates fast minority ions with energies above 100 keV. The ICRF system for W7-X is currently under development [8] and is envisaged as a possible substantial source of fast ion generation in W7-X with energies within the range of 50-100 keV. The possibility of using fundamental Hydrogen minority heating in W7-X has been discussed in Ref. [9] . It was found that under relevant ICRF conditions (spatially localised antenna and 1.5 MW of input power) significant loss of particles are observed and the fast ion tail, usually found in axisymmetric tokamak scenarios, is almost indistinguishable from the bulk plasma. Even though the particle losses were seen to significantly decrease in simulations by the inclusion of a radial electric field originating from the ambipolar diffusion of background electrons and ions, the formation of a fast ion tail remains hindered by the high plasma density.
An important aspect to take into account in the elaboration of efficient ICRF fast ion generation scenarios is the wave's electric field polarisation at the resonance position. In typical minority heating schemes, the wave polarisation is dictated by the plasma ion species and limits the amount of coupled power to the minority ions as discussed in Ref. [10] . In the latter work, the threeon species scheme was presented as a scenario that optimises the wave polarisation at the resonant species position and presents tremendous potential for fast ion generation with moderate input RF power. In the work presented here, we first report some modelling performed with the SCENIC package [11] of the three-ion species scheme applied to axisymmetric tokamak plasma. This scheme is then applied to a W7-X configuration in order to assess the possibility of using it for fast ion generation in W7-X. This paper is organised as follows. The principle of the three-ion species scheme is briefly discussed in section (2) . Numerical results obtained with the full wave code LEMan applied to a axisymmetric configuration are presented and display the key features of this ICRF scheme. In section (3), simulations obtained with the SCENIC package applied to an axisymmetric configuration are presented. The effect of varying the ICRF antenna phasing on the self-consistent 3 He ions distribution function is addressed. The possibility of generating fast ions with the three-ion species scheme applied to a high-mirror W7-X configuration is discussed in section (4) . Conclusions are drawn in section (5).
The three-ion species scheme
In this section, we review the working principles of the three-ion species scheme. Propagation and absorption of fast magneto-sonic waves depend on the number of ion species present in a plasma and their relative concentrations. Indeed, the latter dictates the behaviour of the plasma dielectric tensor and hence of the local fast wave dispersion relation. If one defines as n ⊥ and n the refractive indices in the perpendicular and parallel direction to the magnetic field lines, R , L and S the dielectric tensor elements as given by Stix in Ref. [7] , the dispersion relation for the fast wave reads:
In plasmas with two ion species with different chargeto-mass ratio the so-called mode conversion layer can be established. This is the spatial region bounded by the ion-ion hybrid resonance (defined by the relation
. The position of the mode conversion layer in a plasma is mainly dependent on the ion species concentration, and it has been traditionally used for localised electron heating with ICRF waves (see, e.g. Ref. [12] ). As explained in Ref. [10] , the idea behind three-ion species heating scenario is to bring the mode conversion layer close to the cyclotron resonance of the third ion species. Since the left-hand electric field component E + , which is responsible for the acceleration of thermal ions, is enhanced at the mode conversion layer, an efficient wave absorption by a third ion species becomes possible at a very low minority concentration ( level). The prerequisite for maximising the absorbed power on the third ion species is then to find the appropriate plasma mixture such that the Lcutoff is located close to the fundamental cyclotron resonance position of the third ion species.
A typical JET-like plasma equilibrium is initially chosen in order to illustrate the fundamentals of the threeion species scheme. The plasma modelled here consists mainly of a mixture of Hydrogen and Deuterium. The third species is 3 He with a concentration as low as X[
3 He]= n3 He ne =0.1%. The electron density and temperature profiles used result from analytic estimates and read: n e = [3.6
where ρ is the normalised minor radius. The magnetic axis is located at R 0 = 2.96 m and the central magnetic field strength is B 0 = 3.2 T. The JET ICRF spectrum is modelled with a single toroidal wave mode number (n ϕ = 27) which is propagating in the plasma at a frequency f = 32.5 MHz. The choice of frequency yields an on-axis 3 He fundamental resonance. It is worth mentioning that the evaluation of the dis-tribution function of ICRF-heated 3 He ions performed with the SCENIC package and presented in this paper includes finite-orbit width effects. This is an important extension of the work presented here, in comparison with the earlier modelling of the three-ion species scenario. The optimal mix of the main ionic species concentration ( [14] and TOMCAT [15] codes for similar plasma and wave parameters showed a maximum RF power absorption by 3 He ions for X[H] 67% (see in particular the TOM-CAT prediction in Fig. 1(b) of Ref. [10] ). Full-wave calculation performed with these codes (which include finite Larmor radius (FLR) corrections to the dielectric tensor) indicate that as the H concentration is in the vicinity of 67%, cyclotron absorption by 3 He ions is the dominant channel of RF power absorption and only a small fraction of power is absorbed by electrons, even though there are mode conversion layers present in the plasma. The LEMan code implements a warm plasma dielectric tensor expanded to the 0 th order in Larmor radius. It is therefore not able to model second harmonic absorption nor in particular mode conversion phenomena and it is only suited to model ICRF heating scenarios, for which fundamental cyclotron absorption is the dominant mechanism of wave damping. Nevertheless, the previously mentioned predictions of the FLR full-wave codes TORIC, EVE and TOMCAT for the three-ion species scenario justify the applicability of the LEMan code to this scenario. Figure (1) shows the fraction of power absorbed by each species in the plasma when varying the H concentration for this test case, as computed by the LEMan code [16, 17] . A peak of 3 He absorption clearly appears in Fig. (1) around
70% which is in good agreement with previously cited optimal mix calculations.
The full-wave code LEMan is used to compute the dispersion relation given by eq. (1) which is showed in Fig. (2) . The plasma mix in this case is
3 He] = 0.1%. As seen in Figs. (2) the 3 He fundamental cyclotron resonance position in the vicinity of the L-cutoff. Consequently, and as seen in Fig. (3) , the |E + | electric field component (that rotates in the same direction of the ions) is the strongest very close the 3 He fundamental cyclotron resonance position. These features confirm that this configuration is favourable for the three-ion species scheme. Figure  ( 1) also suggests that in the absence of other impurities, only electrons absorb a significant part of the RF power. As discussed in Ref. [10] , an efficient absorp- tion of RF power by 3 He ions was computed with the TORIC, EVE and TOMCAT codes. Therefore a scan in 3 He concentration is performed with the LEMan code and is shown in Fig. (4) . It is important to mention that the LEMan code is missing the power absorption by electrons via Transit Time Magnetic Pumping [7] . Therefore it expected that the LEMan code underestimates the electron damping in scenarios where this branch is expected to dominate, typically for two-ion species scenarios with very low or high minority concentration. However, Fig. (4) is in good agreement with results from Ref. [10] :
3 He concentration for maximal power absorption is around 0.1%. Refs. [21, 22] . The direction of the RF-pinch (inward or outward) can be controlled by the use of a toroidally asymmetric excitation spectrum. The effect of this phasing on the energy range reached by the resonant ions and the type of orbits are described next.
Fast ion distribution function calculation
The interfacing of the codes composing the SCENIC package aims at solving iteratively the equilibrium state, the wave deposition, and the 3 He ion distribution function, until a self-consistent converged solution is obtained. The MHD equilibrium and the dielectric tensor calculations require some knowledge of the moments of the resonant ion distribution function. The heated ion distribution function usually develops a fast tail and therefore cannot be entirely modelled as a Maxwellian distribution. As described in more details in Ref. [11] , the resonant ion distribution function is split into thermal and fast components, which are respectively fitted onto a Maxwellian and a bi-Maxwellian model [23] . In the simulations presented here, the fast ion tail represents the most significant part of the marker distribution. The thermal part is mainly comprised of particles that were numerically re-injected in the plasma in scheme. Saturated solutions have been obtained for the antenna phasings most relevant for typical JET ICRF scenarios: dipole (n ϕ = ±27) and +90
• (co-current travelling wave: n ϕ = −13). Figure (5) shows that the mean energy per 3 He particle saturates with time for each phasing after a few iterations, indicating a converged self-consistent distribution function is obtained. The converged 3 He distribution functions for the two antenna phasings obtained with SCENIC for 3 MW of ICRF power are shown in Fig. (6) . It is seen that fast ions in the MeV range are generated in both cases. The distribution functions of typical minority heating (MH) scenarios (Deuterium rich plasma with 5% and 3% Hydrogen minority) with the same equilibrium profiles and input power conditions are shown for illustration. The significant potential of generating fast ions with moderate ICRF power clearly appears. Simulation results obtained with the AORSA and CQL3D codes [25] for comparable JET plasma parameters also indicate the generation of a large fraction of MeV ions with the threeion species scheme.
RF-pinch effect
It is seen from Figs. (5) and (6) that using +90
• phasing allows the generation of a larger fast ion tail than for dipole phasing. This can be explained mainly by the combination of two effects. Firstly, the +90
• phased wave features a lower |k | value (which can be approximated by |n ϕ |/R) than the dipole phased wave. Therefore the absorption layer width is smaller in the +90
• phasing case and consequently allows to achieve a higher RF power density than in the dipole case. Secondly, one has to consider the inward radial transport of resonant ions interacting with a co-current travelling ICRF wave. It was shown in Ref. [19] that RF wave-particle interaction not only results in kicks in the resonant particles' energy ∆E but also in the toroidal momentum igure 6 -Saturated energy distribution functions of 3 He ions for dipole and +90
• phasings using three-ion species scheme (X[
3 He] = 0.1%), and +90
• phasing using a minority scheme with X[H] = 5% (black line) and X[H] = 3% (blue line) for JET-like conditions (P RF = 3 MW).
, where q, m, and v are respectively the particle's charge, mass and parallel velocity. The kick in the toroidal momentum reads:
In eq. (2) ω is the RF wave angular frequency. In the VENUS-LEVIS code [26] which solves for the fast ion distribution function, the wave-particle interaction is resolved by Monte-Carlo operators that acts on the particles parallel and perpendicular velocities [11] . The kick in the parallel velocity reproduces the change in the toroidal momentum approximated by eq. (2).The magnetic moment of resonant particles is also affected by the interaction, such that on average resonant particles become trapped and their bounce tips align with the resonance layer. The change in the toroidal momentum subsequently results, on average, in a radial displacement of the trapped particles bounce tips along the resonance layer. It is seen from eq. (2), and the definition of P ϕ , that co-current (resp. counter-counter) travelling waves induce an inward (outward) RF-pinch. The energy range reached by the fast ions (observable in Fig.  (6) ) suggests a strong RF-pinch effect. As seen in Fig.  (7) , +90
• phasing produces strong on-axis peaking of the fast ion pressure, while dipole phasing spreads the fast ion pressure vertically along the resonance layer. In both cases, the pressure profile gives an insight into the 3 He particles in Λ − P ϕ plane. Note that P ϕ has been normalised for plotting convenience (q is the particles charge and ψ 0 is the poloidal flux on axis). The dashed and solid lines highlight respectively the trapped-passing boundary and the Λ = 1 position.
classes of orbits that the resonant particles comprise. This can be addressed more precisely by collectively examining the resonant particles toroidal momentum P ϕ and the pitch angle variable Λ = µ E B 0 (here Λ can be seen as a measure of a particles bounce tip position with respect to the on-axis magnetic field B 0 ). In Refs. [27] and [28] these variables are used in order to draw a classification of guiding centre orbit types. Fig. (8) shows how the resonant particles are distributed in the Λ−P ϕ plane. The ICRF-induced particle trapping, and the resulting alignment of the particle bounce tips with the resonant layer causes the concentration of particles around the Λ = 1 line. It is seen in Fig. (8b) that +90
• phasing pushes the particles to the left-hand side of the Λ − P ϕ plane bringing the particles bounce tips closer to the magnetic axis. A significant fraction of the resonant particles are then able to escape the trapped region and enter the barely passing region of phase space. This is in line with the descriptions of such mechanism in Ref. [29] for off-axis heating and in Ref. [30] for onaxis heating, and experimental observations reported in Ref. [21] . Although the ICRF Monte Carlo operator implemented in the VENUS-LEVIS code model qualitatively well this orbit transformation process, it still lacks proper boundary conditions mentioned in Ref. [31] and further analysed in Ref. [20] . These boundary conditions ensure that particles transitionning from trapped to barely passing orbit under the effect of the RF interaction remain in resonance even above a critical energy. Therefore, it is expected that the presented simulations overestimate the number of particles entering the barely passing region of phase space. Nevertheless, the key features of the antenna phasing on the fast ions and the plasma are still captured by the SCENIC package. The highly energetic barely trapped particles are typically well confined in the plasma. The use of a +90
• phased wave is as expected beneficial for the confinement of the RF accelerated fast ions. Moreover it is seen that for the dipole phasing simulation, more regions of the Λ−P ϕ diagram are populated. This can be explained by the fact that the wave-particle interaction with a dipole phased antenna is modelled by including two wave fields with a positive (n ϕ = 27) and a negative mode number (n ϕ = −27) carrying the same fraction of ICRF power. This wave modelling technique, described in Ref. [14] , is made possible by the weak coupling between the wave's toroidal mode numbers in axisymmetric configurations. The n ϕ = −27 component acts in a similar way as the +90
• phased wave, i.e. it induces an inward RF-pinch to particles, and thus is responsible for the population of barely passing particles seen in Fig. (8a) . On the other hand, the n ϕ = 27 component induces an outward RF-pinch of particles which causes an increase in the trapped particle population. In addition, this 3 He ions on background species [24] . The red area emphasises the relevant energy range for the simulations presented here.
pinch effect tends to push resonant particles towards the right-hand side of the Λ − P ϕ plane causing the generation of trapped particles with large orbit width. These orbits potentially cross the last closed surface resulting in a higher particle loss rate compared to the +90
• case. This combined effect of RF-pinch and finite orbit width on the distribution function in phase-space, and in particular on the lost fraction, shows the importance of accounting for finite orbit width in simulations of the three-ion species scheme. Simulations with a -90
• phased wave, corresponding to n ϕ = 13 were also conducted. However the significant particle loss rate produced by the outward RF pinch and the large orbit width brought difficulties in the convergence of the distribution function.
Collisional power transfer
The guiding centre orbit following code VENUS-LEVIS [26] includes the Coulomb interactions between the fast ions and the background electrons and ions. Figure (9) shows the energy dependency of the interaction time between 3 He ions and background electrons, Hydrogen and Deuterium ions. It was seen in the previous section that the energy of the simulated 3 He ions are mostly above 1 MeV. In that energy range, slowing down on electrons is the dominant Coulomb interaction. In comparison, the pitch angle scattering process on background species is around two orders of magnitude slower. This also suggests that the fast ion tail of the distribution functions is highly anisotropic. The Coulomb interaction between the 3 He markers and the background species is computed by VENUS-LEVIS and relies on the derivation of the associated Monte Carlo operator based on Ref. [32] . The energy transfer corresponding to this interaction is evaluated assuming that the guiding centre 3 He particles collide with a static background species modelled as Maxwellian distribution functions. As expected, Figure (10) indicates that most of the collisional power resulting from slowing down interactions is transferred to background electrons. The collisional power deposition profile (Fig. (10) ) and the ICRF power deposition profile (Fig. (11) ) are noticeably affected by the RF-pinch effect on fast ions. It is seen that the ICRF power, and consequently the collisional power density transferred to electrons, are strongly peaked on axis for +90
• phasing compared to the dipole case. Figure (10 ) already suggests that the three-ion heating scenario, especially if using +90
• phasing, can be used in tokamak plasma experiments to peak the central electron temperature. The fast ion simulations presented here could be coupled to transport calculations in order to estimate more quantitatively the impact of this scenario on the background thermal profiles. The peaking of the electron temperature profile can be beneficial for instance for enhancing the transport of impurities, such as Tungsten, out of the plasma core [33] .
4 Three-dimensional modelling: Wendelstein 7-X plasma
As previously mentioned, it was shown in Ref. [9] that minority heating scenarios may not be suitable for generating a large fast ion population mainly because of the high collisionality which prevents tail formation. In this section, the SCENIC code package is applied to a W7-X configuration in order to assess the possibility to use the three-ion species scheme as an alternative to minority heating. A high-mirror magnetic equilibrium [eV] . These profiles ensure that β 4% which is necessary to achieve a quasiomnigeneous equilibrium and consequently good fast particle confinement.
As suggested in Refs. [2, 9] , a radial electric field arising from an ion-root regime [34] is included in the following calculations in order to assist the confinement of the heated ions. A favourable plasma mix for the three-ion species scheme has been identified [10] 
3 He] = 0.1%. The corresponding dispersion relation is given in Fig. (12) for four different plasma cross-sections at toroidal angles ϕ = 0, ϕ = π/10, ϕ = π/5, ϕ = 3π/10. It seen that the Lcutoff is in the vicinity of the 3 He resonance position, as required by this scenario. This three-ion species scenario will be compared with a minority heating scheme that uses the same thermal profiles and MHD equilibrium. Previous [9] SCENIC calculations of minority heating in a D-rich W7-X plasma featured H minority with X[H] = 0.5%. However, lowering X [H] for increasing the efficiency of fast-ion generation is restricted by degeneracy between the resonance frequency for H minority and second harmonic D majority ions: ω cH = 2ω cD . In fact, in high-density plasmas of W7-X most of the RF power is absorbed by D majority ions instead of H minority ions, reducing further the potential of this scenario for fast-ion studies. In contrast, using 3 He as a minority (as it is done in the following minority scheme) has an advantage of avoiding the degeneracy with the harmonic resonance for majority ions. 4 He plasmas [35] . Further reduction of the 3 He concentration to the level of a few per mille is required to increase the efficiency of fast-ion generation in highdensity plasmas of W7-X. Figure ( 13) compares the energy distribution functions obtained for both scenarios with P RF = 1.5 MW. It is seen that no MeV-range ions appear in either of these scenarios, in contrast to tokamak calculations, because of the very high plasma density and limited amount of RF power available in W7-X. As a consequence, the contribution from the fast ion to the ideal MHD equilibrium and the wave propagation could not clearly be assessed and the usual iterative procedure of the SCENIC package could not be applied in the calculations presented in this section. It is nevertheless seen that the three-ion species scheme produces a fast ion tail which reaches energy range above 100 keV. In contrast, the minority heating distribution function is mostly thermal and the fast ion tail (50 − 100keV) is 3 He] = 0.1%). Particle orbits with energy below 50 keV are largely affected by the E × B drift arising from the inclusion of the radial electric field. Therefore diffusion of thermal particles is the main loss channel in this case. Figure  (14) shows the energy distribution of the recorded lost particles in the case where the three-ion species scheme is applied. It is seen that the energy range of lost particles is well above thermal energy. The effect of the radial electric field is therefore weaker on these energetic particles. The radial electric field is an important factor for the confinement of fast ions, generated with ICRF waves. If not optimised, this can result in losses of energetic ions as a result of their large orbit width. Furthermore, it seems that for the case of W7-X the typical thermal profiles, and the three-dimensional structure of the equilibrium significantly influence the tail formation process and consequently the heated ion distribution function in velocity space. More detailed analysis and conclusions on these aspects will be given in future work (e.g. studies on the optimal magnetic configuration for fast-ion generation).
Summary and conclusions
The work presented here shows modelling of the threeion species scheme that was first introduced in [10] . Two-and three-dimensional plasma equilibria were considered in order to asses the potential of the threeion species scheme in JET and W7-X plasmas. The SCENIC code package has been used and its suitability for the modelling of this scheme has been successfully demonstrated. It was shown that in a JET-like plasma, fast ions easily reach the MeV range of energy. As expected, varying the antenna phasing changes the direction of the RF-induced particle pinch. This effect is even more pronounced for the low 3 He concentration used in this scheme, implying large energy transfer during the resonant wave-particle interaction. It was seen that for co-current travelling ICRF waves, the inward pinch causes the orbits of resonant trapped ions to typically convert into passing orbits (which are better confined). In addition, the RF power density in the absorption layer is higher than for a dipole phased wave because the corresponding k is smaller. Consequently, the establishment of the fast ion tail is assisted by the pinching of the fast ions towards the magnetic axis where the collisionality is lower and the wave absorption is higher. Estimation of the collisional power distribution indicates that co-travelling wave schemes may be used for the peaking of electron temperature profile (via localisation of the heated particles and Coulomb energy transfer) and may consequently help to increase the outward impurity transport. On the other hand, using a dipole phased wave applies in addition an outward pinch to resonant particles. Such a finite orbit width effect can cause the loss of resonant particles as they receive energy from the wave. The outward drift and the high loss rate reduce the mean energy of the resonant ion distribution and also causes the collisional power on the background species to be deposited in non-central plasma regions. Overall the fast ion distribution generated for both considered phasings show a more significant potential for fast ion generation than a typical minority heating scheme.
SCENIC simulations indicate that the three-ion species scheme in W7-X high density plasma would be more appropriate than a minority heating scheme for the generation of fast ions in this stellarator. However, the high density required to reach quasi-isodynamicity and therefore good fast particle confinement limits the range of energy reached by the resonant ions. It also appears that the tail formation process in W7-X is fundamentally affected by the three-dimensional nature of the equilibrium. The optimal magnetic configuration and favourable mechanisms for the formation of a significant fast ion tail in W7-X should be further investigated.
